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Sintering – or coalescence – of viscous droplets is an essential process in many natural and 
industrial scenarios. Current physical models of the dynamics of sintering are limited by the 
lack of an explicit account of the evolution of microstructural geometry. Here, we use high-
speed time-resolved X-ray tomography to image the evolving geometry of a sintering system 
of viscous droplets, and use lattice Boltzmann simulations of creeping fluid flow through the 
reconstructed pore space to determine its permeability. We identify and characterize a 
topological inversion, from spherical droplets in a continuous interstitial gas, to isolated 
bubbles in a continuous liquid. We find that the topological inversion is associated with a 
transition in permeability–porosity behaviour, from Stokes permeability at high porosity, to 
percolation theory at low porosity. We use these findings to construct a unified physical 
description that reconciles previously incompatible models for the evolution of porosity and 
permeability during sintering. 
 
I. INTRODUCTION 
 
Sintering of viscous droplets is an important process in both natural and industrial scenarios. These 
include planetesimal formation [1], welding in shallow volcanic interiors [2–4], formation of 
deposits of large meteorite impacts and volcanic super-eruptions [5], adhesion of volcanic ash in 
commercial jet engines [6,7], and industrial fabrication of ceramics and glasses [8–11]. In most 
sintering scenarios of practical interest, the viscosity of the droplets is high and the droplets are 
small, such that the Ohnesorge and Eötvös numbers are high and low, respectively. In such a 
regime, sintering behaviour is dominated by the balance between the capillary stresses that drive 
flow, and the viscous stresses that arise as a result. When the geometry of the sintering system is 
simple, as in the case of coalescing pairs [12,13] or small clusters [14] of droplets, it is possible to 
calculate explicitly the evolution of the surface area, and consequently of the driving capillary 
stress. In such systems the sintering timescale is found to scale with the initial droplet radius. 
However, for more complex heterogeneous and random systems of many droplets [15], the change 
of the surface area is not easily calculated, leading to the development of approximate descriptions 
of sintering, based on bulk geometric parameters such as pore number density and bulk 
porosity [2,8,16,17]. In those systems the sintering timescale is found to scale with the droplet size 
at early times, consistent with the models of simple droplet coalescence, but with the size of the 
inter-droplet pore spaces at longer times, when the pore space is approximated as spherical bubbles 
in liquid shells [16,17]. We infer, therefore, that this change in scaling represents the topological 
inversion – from spherical droplets surrounded by gas, to spherical bubbles surrounded by liquid.  
Attempts to unify these descriptions have been made [8], but without a quantitative view 
of the changing internal geometry of such sintering materials, it is impossible to reconcile this 
hypothesized inversion with quantitatively constrained dynamic models. Here, we exploit recent 
technical developments in high temperature, high speed X-ray tomographic imaging to 
demonstrate the inversion of topology implicit in all models of viscous sintering, and show that 
this manifests itself as a measurable transition in fundamental bulk system properties. 
 
II. MATERIALS AND METHODS 
 
We pack spherical glass beads of mean radius 〈𝑅𝑖〉 = 41 µm to form free-standing cylinders 
of ~2.98 mm height and ~3 mm diameter. These are mounted on the synchrotron-source 
tomography beam line (TOMCAT) [18] and heated by lasers [19] at ~5 K.min-1 to isothermal 
temperatures 𝑇0 above the glass transition interval 𝑇𝑔, yielding high viscosity droplets; experiments 
at different 𝑇0 yield different viscosities. The glass beads do not lose mass, do not show liquid-
liquid immiscibility or crystallize on the experimental timescales or at the temperatures tested, 
confirmed previously by differential scanning calorimetry and thermogravimetry [2]. The glass 
transition onset, determined on samples of the same size and at 5 K.min-1, is 𝑇𝑔 = 810 K (where 
we take the onset of the transition as a threshold temperature; Figure 1). The temperature 
dependence of the viscosity (used in the non-isothermal 𝑡̅; see below) and the particle size 
distribution used here are given in Figure 1 for reference. 
Each 3D dataset (1440 projections, 1.9 µm voxel resolution) was acquired in 10.7 seconds. 
The error on 𝑡̅ dominantly represents the 10.7 seconds taken to collect a 3D tomographic dataset. 
The spatial resolution of the X-ray computed 3D tomography is 1.9 µm, which permits accurate 
quantification of pores ≥ 6 µm radius [20], smaller than the smallest pore in the final isolated 
spherical pore size distribution. Image visualisation and analysis is performed using Avizo™. 
Segmentation is performed using a standard gradient-based algorithm using the moments of the 
intensity distribution. All pores with volumes <125 voxels are discarded from the analysis as below 
this value the error on absolute volumes exceeds 5% [20] and these objects only comprise ~0.01-
0.02 vol.% of the sample. Pore volumes were calculated for remaining segmented features. 
During the time-resolved high temperature scanning, droplets interact and sinter, manifest 
as bulk densification of the compact at the expense of the pore gas volume. The pore and liquid 
phases (Figure 2) are segmented from the central region of each sample to avoid edge effects.  
 
 
 
III. RESULTS AND ANALYSIS 
 The tomographic data (Figure 2) show that the droplets are initially spherical and the inter-
droplet pore phase is a continuous complex network. As time at high temperature progresses, the 
pore and liquid phase geometries invert, so that the pore phase is finally a suspension of spherical 
gas bubbles in a liquid continuum. The in situ nature of the experiment permits us to distinguish 
the components of the pore phase that are percolating across the system length from those that are 
isolated and non-percolating (respectively grey and green volumes in Figure 2). This reveals an 
additional sintering phenomenon that is not accounted for in theoretical models, namely: 
progressive partitioning of the pore phase, from continuous and fully connected, to discontinuous 
and fully isolated. This evolution is quantified in Figure 2e, which tracks the pore fraction that is 
connected across the domain 𝜙𝑝, normalized by the total pore fraction 𝜙, as a function of 
dimensionless time 𝑡̅ = 𝑡/𝜆. Here, 𝜆 = 𝑙𝜇/𝛤 is the capillary time, where 𝑙 is a characteristic 
lengthscale, 𝜇 is the droplet viscosity, and 𝛤 is the interfacial tension (in detail we use a non-
isothermal extension of 𝜆 which accounts for the variation in viscosity during heating [16] and the 
polydispersivity of the initial droplet size distribution [21]). This non-dimensionalisation, taking 𝑙 
as the mean initial size of the pores between the droplets [16,17], collapses the data for experiments 
at different viscosities such that a deviation from fully connected (𝜙𝑝/𝜙 = 1) occurs at a consistent 
critical dimensionless time 𝑡̅ ≈ 0.25. We term this transition Φ1. A second transition, at which the 
pore phase becomes fully isolated (𝜙𝑝/𝜙 = 0), occurs at a consistent critical dimensionless time 
𝑡̅ ≈ 1.4. We term this transition Φ2. We hypothesize that these transitions, which are 
microstructural in origin, influence bulk sintering dynamics and associated permeability evolution. 
 
III.a Sintering kinetics 
 
We first consider bulk sintering, by comparing data for 𝜙(𝑡) with two end-member models: 
an extension of the Frenkel Model [10] (FM), which considers the dynamics of neck formation at 
the contact point between coalescing droplets; and the Vented Bubble Model [17] (VBM), which 
approximates the pore space as an array of spherical bubbles in a liquid shell, which can freely 
vent their gas. The FM has been extended for bulk sintering [8,22] to give [16] 
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where 𝜙𝑖 is the initial pore fraction, ?̅? = 𝜙 𝜙𝑖⁄ , and 𝑡̅ takes 𝑙 = 𝑅𝑖 in the definition of 𝜆, where 𝑅𝑖 
is the initial droplet radius. Figure 3a shows that the FM (Eq. 1) captures the early part of bulk 
sintering dynamics, consistent with its physical basis in neck formation at droplet contact 
points [8,16]. We observe that the model breaks down close to the transition Φ1.  
The VBM is [16,17] 
 
 𝑑?̅?
𝑑𝑡̅
= −
3
2
(
1 − 𝜙𝑖?̅?
1 − 𝜙𝑖
)
1 3⁄
?̅?2 3⁄  , Eq. 2 
 
where, in this case, 𝑡̅ takes 𝑙 = 𝑎𝑖 in the definition of 𝜆, where 𝑎𝑖 is the initial bubble radius between 
the droplets (predicted using a model for pore space geometries between spheres [15]).  Figure 3a 
shows that the VBM (Eq. 2) is almost indistinguishable from the FM at early time, before Φ1, but 
captures better the evolution of 𝜙 at longer times. There remains, however, a discrepancy between 
the VBM and the experimental data after the Φ1 transition. Moreover, the discrepancy grows 
towards the second transition Φ2, at which the pore phase becomes fully isolated, and 𝜙 reaches a 
fixed, finite value that is not captured by either model. Our time-resolved experimental method 
permits us to measure the connected pore fraction 𝜙𝑝 as a function of time (Figure 2e). The 
connected pores are, by definition, the parts of the pore space that are able to continue to vent their 
gas out of the system beyond Φ1. It is reasonable, therefore, to replace ?̅? with ?̅?𝑝 in Eq. 2, where 
?̅?𝑝 = 𝜙𝑝 𝜙𝑖⁄ . Figure 3b demonstrates that this modified VBM is in excellent agreement with 
experimental data throughout the entire sintering process. 
Based on this analysis, we draw the following conclusions regarding the role of the 
transitions in sintering dynamics. First, the failure of the droplet-based FM beyond Φ1, taken 
together with the success of the bubble-based VBM, leads us to associate this transition with the 
topological inversion from spherical droplets surrounded by gas, to spherical bubbles surrounded 
by liquid. Second, the requirement that we replace ?̅? with ?̅?𝑝 in Eq. 2 beyond Φ1, combined with 
the direct observations encapsulated in Figure 2e, lead us to associate the onset of pore-space 
isolation with the same topological inversion. Finally, the agreement of the modified VBM with 
the experimental data around Φ2 is consistent with this being the percolation transition at which 
the connected porosity drops to zero and sintering halts. In our experiments this transition occurs 
at a critical pore fraction 𝜙𝑐 = 0.025 ± 0.009, consistent with ex situ estimates [16] and numerical 
simulations [23]. 
 
 
III.b Permeability of the pore space between packs of sintering droplets 
 
We now explore the impact of the transitions on permeability evolution during sintering. 
The fluid permeability is simulated through the pore network internal to the densifying liquid using 
the LBflow code [24]. This approach applies a simulated pressure gradient across the fluid within 
the pore network. Average flow velocity is determined when steady flow is reached, defined as 
when a convergence criterion is met such that the velocity of the fluid averaged over the entire 
fluid lattice does not vary by > 10−5 (simulation units) over 50 time-steps. Low Reynolds number, 
low Mach number, Stokes-flow and scale-independence are all obeyed (Figure 4; see Ref. 24 for 
more information). An example of the evolution of average velocity in one direction is given in 
Figure 5 as porosity evolves during sintering for a constant pressure gradient. The sub-volume of 
the sample selected for simulation is 475 µm square edge length (Figure 2). 
At high 𝜙, before the topological inversion identified with Φ1 is reached, the LBM data 
are well described by the Stokes permeability [15] for flow around spheres and expansions 
thereof [25] for cubic lattices (Figure 6a), consistent with the approximately spherical geometry of 
the droplets. In the high 𝜙 limit, the Stokes permeability approaches the Stokes limit 𝑘𝑠 =
2〈𝑅3〉/[9〈𝑅〉(1 − 𝜙)], where 〈𝑅𝑛〉 is the 𝑛th moment of the sphere radius distribution, allowing 
application to polydisperse sphere packs [15]. This provides a convenient normalization for 
calculated values of permeability, such that ?̅? = 𝑘 𝑘𝑠⁄  and is used in Figure 6a for the simulation 
data far above Φ1. At lower 𝜙, below the Φ1 topological inversion, these expansions for flow 
around spheres do not describe the data well. Instead the data collapse toward an apparent 
asymptote where 𝑘 → 0 at 𝜙 = 𝜙𝑐, which is reached at the percolation transition Φ2. In the regime 
between the two transitions Φ1 and Φ2, the data are well described by a percolation permeability 
𝑘𝑝 = 𝑘𝑟(𝜙 − 𝜙𝑐)
?̅?, which is consistent with the bubble-geometry of the pore space. Here 𝑘𝑟 is a 
reference permeability, ?̅? = 4.4 is a theoretical percolation exponent [26,27], and the reference 
permeability takes the form [26,28] 𝑘𝑟 = 2[1 − (𝜙 − 𝜙𝑐)]/𝑠
2. We use 𝑠 as the specific surface 
area of the internal liquid-gas interface measured from the 3D datasets. All experimental data in 
Figure 6a is normalized so that ?̅? = 𝑘/𝑘𝑟. 
This analysis allows the topological transition Φ1 to be additionally defined as the point 
where ?̅?(𝜙) diverges from the expansions of Stokes theory, toward the power law percolation 
theory (Figure 6). This has intuitive physical meaning when compared with the established change 
from droplet to bubble geometry (Figures 2 & 3). The densification halts as ?̅? → 𝜙𝑐/𝜙𝑖, below 
which there is no pore cluster that percolates to the outside of the sample (see Figure 2e). The 
success of permeability scaling (Figure 6) means that we can combine ?̅?/?̅?𝑖(𝜙𝑝) with 𝜙𝑝(𝑡̅) 
modified from Eq. 2 to predict the time evolution of permeability during sintering, even when the 
inter-droplet pore space undergoes this topological transition. These data agree with the model 
prediction in which ?̅?/?̅?𝑖~?̅?𝑝
?̅?
 (Figure 6b).  
 
 
IV. CONCLUDING REMARKS 
We explore the kinetics of sintering of droplets in light of time-resolved 3D high-temperature 
reconstructions of the microstructure of the process in complex packs of droplets. This provides a 
quantitative prediction of the evolution of pore space permeability throughout sintering useful for 
industrial applications of ceramic filter production and for better understanding gas-flow through 
welding volcanic particulate deposits. Outstanding questions remain concerning the quantitative 
prediction of the time-dependence of pore-space isolation. Solutions to this problem would make 
these observations of wide utility and remove the necessity for in situ techniques to find connected 
pore volume fractions. 
 
 
Processed data and raw 3D datasets are available from the corresponding author on request. 
Funding was provided by the European Research Council Advanced Grant 247076 (EVOKES) 
and Starting Grant 306488 (SLiM), and UK NERC grants NE/N002954/1 & NE/M018687/1. We 
acknowledge the Paul Scherrer Institut, Villigen, Switzerland, for provision of synchrotron 
radiation beam time at beamline TOMCAT and four referees for helpful comments and Jenny 
Schauroth for sample preparation. 
 
References: 
[1] S. Sirono, Astrophys. J. Lett. 733, 41 (2011). 
[2] F. B. Wadsworth, J. Vasseur, F. W. Aulock, K. Hess, B. Scheu, Y. Lavallée, and D. B. 
Dingwell, J. Geophys. Res. Solid Earth 119, 8792 (2014). 
[3] J. Vasseur, F. B. Wadsworth, Y. Lavallée, K. Hess, and D. B. Dingwell, Geophys. Res. 
Lett. 40, 5658 (2013). 
[4] H. Tuffen and D. Dingwell, Bull. Volcanol. 67, 370 (2005). 
[5] Y. Lavallée, F. B. Wadsworth, J. Vasseur, J. K. Russell, G. D. M. Andrews, K.-U. Hess, 
F. W. von Aulock, J. E. Kendrick, H. Tuffen, and A. Biggin, Front. Earth Sci. 3, 2 (2015). 
[6] W. Song, K. Hess, D. E. Damby, F. B. Wadsworth, Y. Lavallée, C. Cimarelli, and D. B. 
Dingwell, Geophys. Res. Lett. 41, 2326 (2014). 
[7] U. Kueppers, C. Cimarelli, K. U. Hess, J. Taddeucci, F. B. Wadsworth, and D. B. 
Dingwell, J. Appl. Volcanol. 3, 4 (2014). 
[8] M. Prado, E. Dutra Zanotto, and R. Müller, J. Non. Cryst. Solids 279, 169 (2001). 
[9] Y.-M. Chiang, D. P. Birnie, and W. D. Kingery, Physical Ceramics (J. Wiley NY, 1997). 
[10] M. N. Rahaman, Sintering of Ceramics (CRC press, 2007). 
[11] G. W. Scherer, J. Am. Ceram. Soc. 60, 236 (1977). 
[12] J. Frenkel, J. Phys 9, 385 (1945). 
[13] F. Wakai and F. Aldinger, Sci. Technol. Adv. Mater. 5, 521 (2004). 
[14] M. J. Kirchhof, H. J. Schmid, and W. Peukert, Phys. Rev. E 80, 26319 (2009). 
[15] S. Torquato, Random Heterogeneous Materials: Microstructure and Macroscopic 
Properties (Springer Science & Business Media, 2013). 
[16] F. B. Wadsworth, J. Vasseur, E. W. Llewellin, J. Schauroth, K. J. Dobson, B. Scheu, and 
D. B. Dingwell, Proc. R. Soc. A 472, 20150780 (2016). 
[17] J. K. Mackenzie and R. Shuttleworth, Proc. Phys. Soc. Sect. B 62, 833 (1949). 
[18] M. Stampanoni, A. Groso, A. Isenegger, G. Mikuljan, Q. Chen, A. Bertrand, S. Henein, R. 
Betemps, U. Frommherz, P. Böhler, and D. Meister, SPIE Opt. Photonics 63180 (2006). 
[19] J. L. Fife, M. Rappaz, M. Pistone, T. Celcer, G. Mikuljan, and M. Stampanoni, J. 
Synchrotron Radiat. 19, 352 (2012). 
[20] Q. Lin, S. J. Neethling, K. J. Dobson, L. Courtois, and P. D. Lee, Comput. Geosci. 77, 1 
(2015). 
[21] F. B. Wadsworth, J. Vasseur, E. W. Llewellin, and D. B. Dingwell, Phys. Rev. E 95, 
33114 (2017). 
[22] C. Lara, M. J. Pascual, M. O. Prado, and A. Duran, Solid State Ionics 170, 201 (2004). 
[23] M. D. Rintoul, Phys. Rev. E 62, 68 (2000). 
[24] E. W. Llewellin, Comput. Geosci. 36, 115 (2010). 
[25] A. S. Sangani and A. Acrivos, Int. J. Multiph. Flow 8, 343 (1982). 
[26] N. S. Martys, S. Torquato, and D. P. Bentz, Phys. Rev. E 50, 403 (1994). 
[27] S. Feng, B. Halperin, and P. Sen, Phys. Rev. B (1987). 
[28] F. B. Wadsworth, J. Vasseur, B. Scheu, J. E. Kendrick, Y. Lavallée, and D. B. Dingwell, 
Geology 44, 219 (2016). 
 
 
  
 
Figure 1 | The physical properties of the glass beads used in this study. a, The relative heat flow 
rate (arbitrary units) from which we find the glass transition temperature determined at 5 K.min-1 
heating rate in differential scanning calorimetry. b, The temperature dependence of liquid viscosity 
of a dense liquid of the same composition and the parameterization by the Vogel-Fulcher-
Tammann equation form and a comparison with published viscosity data for this material [2]. c, 
The size distribution of glass beads, which become viscous droplets at high temperature, and the 
predicted pore size 𝑎𝑖. We mark the mean droplet radius 〈𝑅𝑖〉. 
 
 
 
Figure 2 ǀ The internal structure of a pack of many interacting droplets as they sinter to volume 
equilibrium. a-d, 3D renderings of the pore space between droplets initially packed to an inter-
droplet pore fraction 𝜙𝑖 = 0.46 (where connected pore space is rendered in grey and isolated in 
green) at a, 𝑡̅ = 10−2, b, 𝑡̅ = 10−0.3, c, 𝑡̅ = 100 and d, 𝑡̅ = 101 at which time 𝜙~𝜙𝑐. The inset 
silhouettes show 2D cross sections of the bulk sample sat on a ceramic plate with the green region 
of interest (475 µm edge) shown on which rendering and quantitative analysis was performed. e, 
The proportion of the pore fraction that is connected to a sample edge 𝜙𝑝/𝜙 as a function of 
dimensionless time 𝑡̅ showing the two transitions observed here: Φ1 and Φ2. 
 
  
Figure 3 ǀ Models of sintering dynamics for different microstructural topologies. a, The evolution 
of ?̅? with 𝑡̅ showing that the droplet geometry model breaks down at Φ1 and that neither model 
captures the data after Φ2. Here the Frenkel model [12] uses 𝑅𝑖 in 𝜆 to find 𝑡̅ and is termed “droplet 
geometry”, while the vented bubble model [17] uses 𝑎𝑖 in 𝜆 to find 𝑡̅ and is termed “bubble 
geometry”. Inset: a schematic of the controlling lengthscales. b, Demonstration that, when only 
the interconnected clusters of pores ?̅?𝑝 are considered, the model cast for bubble geometry 
describes the data very well throughout both Φ1 and Φ2. Inset: the data for ?̅?𝑝 normalized by the 
model result ?̅?𝑝
∗, for the droplet geometry (top) or the bubble geometry (bottom). 
 
 
 
Figure 4 ǀ The dependence of the fluid permeability on the volume or position of the simulation 
domain, or equivalently, the number of fluid nodes. a, Showing convergence when the domain 
exceeds a threshold size (shown here for a sample of ?̅? = 1 and a driving pressure gradient of 
∇𝑃 = 10−2 Pa.m-1). For samples of ?̅? < 1, the scale dependence becomes less significant. Here 
tested are multiple positions of the sub-volume in the larger sample volume. b, The effect of the 
driving pressure gradient on the resultant permeability shown here for the largest domain size used 
(𝐿3 > 107 voxels). 
  
 
Figure 5 ǀ The absolute evolution of the average fluid velocity in each direction in a sample during 
sintering. The example shown is for 𝑇0 = 908 K and the colours correspond to the evolution of 𝜙 
or, equivalently, of 𝑡. Each simulation is therefore for a single 3D dataset recorded from the X-ray 
tomography. a-c The velocity in each of three orthogonal directions. 
 
 
 
Figure 6 ǀ The topological inversion is manifest as a shift in the bulk permeability of the system 
from the droplet geometry scaling to the bubble geometry scaling. a, Validation of the scaling laws 
for permeability 𝑘 normalized by the Stokes permeability 𝑘𝑠 to give ?̅? as a function of the gas 
volume fraction 𝜙 which in the low-𝜙 limit is affected by the emergence of a percolation transition 
𝜙𝑐 at Φ2. Shown are the dilute expansions [25] and simulations using dilute cubic packs (SC – 
simple cubic; BCC – body-centred cubic; FCC – face-centred cubic) from close to the single-
sphere Stokes solution at 𝜙 → 1 down to moderate 𝜙. Simulations using polydisperse droplet size 
distributions identical to the droplet size distribution used in the time-resolved experiments agree 
with the cubic packs in the dilute regime. The simulation data are normalized using ?̅? = 𝑘/𝑘𝑠. The 
scaling in the concentrated regime is simply ?̅? = (𝜙 − 𝜙𝑐)
?̅? where ?̅? takes the theoretical value 
4.4 (ref 27). Φ1 represents the approximate topological inversion point at 𝜙~0.35 and Φ2 occurs 
at the percolation transition observed at 𝜙𝑐 = 0.025. Permeability is modelled using the time-
resolved experimental data in 3 orthogonal directions 𝑘𝑥𝑥, 𝑘𝑦𝑦, and 𝑘𝑧𝑧. The data are normalized 
using ?̅? = 𝑘/𝑘𝑟 (see main text). b, The combination of the scaling in a with the kinetics of ?̅?𝑝 in 
Figure 2 permits the models for bubble geometry and droplet geometry to be cast as a function of 
𝑡̅ as ?̅?/?̅?𝑖 = ?̅?𝑝
?̅?
. c-f, The inter-droplet fluid velocity vector distribution at the same dimensionless 
times as in Figure 1a-d simulated using a lattice-Boltzmann technique, where warm colours refer 
to high velocities under a driving pressure gradient. Here visualized are the 𝑥-direction velocity 
𝑢𝑥 vectors. 
